Human rhinovirus (HRV) is the most common viral etiology in acute exacerbations of asthma. However, the exact mechanisms underlying HRV infection in allergic airways are poorly understood. IL-13 increases interleukin-1 receptor associated kinase M (IRAK-M) and subsequently inhibits airway innate immunity against bacteria. However, the role of IRAK-M in lung HRV infection remains unclear. Here, we provide the first evidence that IRAK-M over-expression promotes lung epithelial HRV-16 replication and autophagy, but inhibits HRV-16-induced IFN-β and IFN-λ1 expression. Inhibiting autophagy reduces HRV-16 replication. Exogenous IFN-β and IFN-λ1 inhibit autophagy and HRV-16 replication. Our data indicate the enhancing effect of IRAK-M on epithelial HRV-16 infection, which is partly through the autophagic pathway. Impaired anti-viral interferon production may serve as a direct or an indirect (e.g., autophagy) mechanism of enhanced HRV-16 infection by IRAK-M over-expression. Targeting autophagic pathway or administrating anti-viral interferons may prevent or attenuate viral (e.g., HRV-16) infections in allergic airways.
Introduction
Human rhinovirus (HRV) is the most common viral etiology in acute exacerbations of chronic respiratory diseases such as asthma, chronic obstructive pulmonary diseases, and cystic fibrosis (Contoli et al., 2009; Kim and Gern, 2012; Tan, 2005; Wat et al., 2008) . HRV infection often leads to more severe and longer duration of lower respiratory tract symptoms in patients than in healthy individuals, significantly increases healthcare costs and negatively impacts the quality of life of patients and their families (van Elden et al., 2008) . Previous studies have shown that experimental infection with HRV-16 (a major group of HRV) in allergic asthma patients causes airway hyperresponsiveness compared with normal control subjects (Bardin et al., 1994; Fraenkel et al., 1995; Gern et al., 1997; Gern and Busse, 1999) . However, the exact mechanisms underlying HRV-induced disease exacerbations are poorly understood.
Airway epithelial cells represent the primary site of respiratory microbial infections including HRV (Mosser et al., 2005; Papadopoulos et al., 2000) . The degree of HRV replication in epithelial cells strongly influences the severity of respiratory symptoms during HRV infection. However, how host factors affect the course of HRV infection in airway epithelial cells remains unclear. In this study, we seek to explore the role of interleukin-1 receptor associated kinase M (IRAK-M) in HRV infection. IRAK-M, also known as IRAK-3, negatively regulates toll-like receptor (TLR)-mediated inflammatory responses to bacteria (Kobayashi et al., 2002; Rosati and Martin, 2002) . We previously demonstrated epithelial IRAK-M up-regulation in asthmatic airways. Moreover, we found that IL-13, a Th2 cytokine prominent in asthma, increases airway epithelial IRAK-M and subsequently inhibits innate immunity against bacterial infections (Wu et al., 2012) . Although recent studies have shown that hepatitis C virus and influenza virus up-regulate IRAK-M in human antigen presenting cells and in mice (Chung et al., 2010; Seki et al., 2010) , IRAK-M function in viral infections has not been investigated. Virusinduced production of type I (e.g., IFN-β) and III (e.g., Contents lists available at ScienceDirect interferons provides a critical first-line host defense against viruses (Sykes et al., 2012; Vareille et al., 2012) . Deficiency of HRV-induced IFN-β and IFN-λ1 has been reported in asthmatic lungs, including bronchial epithelial cells (Baraldo et al., 2012; Contoli et al., 2006 , Sykes et al., 2012 Wark et al., 2005) . However, whether IRAK-M up-regulation in asthmatic airway epithelium regulates anti-viral responses is unknown. Autophagy is an essential homeostatic pathway by which cells degrade damaged or obsolete organelles and proteins through the lysosomal machinery (Glick et al., 2010; Xie and Klionsky, 2007) . Recent studies suggest autophagy is a novel mechanism by which the host defends against viral infection. Notably, autophagy recently has shown to exert both anti-and pro-viral functions. A recent study in HeLa cells demonstrated that autophagy promotes replication of HRV-2 (a minor group of HRV) (Klein and Jackson, 2011) . Likewise, poliovirus exploits the autophagy machinery to favor its replication (Jackson et al., 2005; ). Interestingly, poliovirus and HRV are both RNA viruses within the family of Picornaviridae. So far, the role of authophagy in the major group of HRV (e.g., HRV-16) infection and its regulation by IRAK-M has not been elucidated.
Central to the autophagy biogenesis is the formation of a double membrane-bound vesicle known as autophagosome, which undergoes several microtubule-dependent maturation events, including fusion with endosomes, multilamellar vesicles and lysosomes (Cesen et al., 2012; Mizushima et al., 2002) . Beclin 1 plays an essential role in the initiation of autophagy (Cao and Klionsky, 2007; Liang et al., 1999) . This process is mainly through promoting the activity of class III phosphoinositide 3-kinase (PI 3-kinase) Vps34 (Zeng et al., 2006) . LC3 is pivotal to the formation of autophagosomes and has two forms: LC3 I and LC3 II (Kabeya et al., 2000) . LC3 II is generated by the conjugation of LC3 I with phosphatidylethanolamine (PE) and is localized in the autophagosome membrane. Conversion of LC3 I into LC3 II is considered as a marker of autophagy Tang et al., 2013) .
In this study, we hypothesized that IRAK-M promotes lung HRV-16 infection via the autophagic pathway. To test our hypothesis, we first examined if IRAK-M over-expression in human lung epithelial cells promotes HRV-16 infection. Second, we knocked down beclin 1 in lung epithelial cells by using RNA interference to confirm the role of autophagy in IRAK-M-mediated HRV-16 replication. Third, we investigated whether IRAK-M promotes HRV-16 replication through inhibiting IFN-β and IFN-λ1 production in lung epithelial cells. Lastly, we determined the direct effects of exogenous IFN-β and IFN-λ1 on lung epithelial autophagy and HRV-16 infection.
Results

IRAK-M over-expression promotes HRV-16 replication
The IRAK-M over-expressing human lung epithelial NCI-H292 cell line (IRAK-M OE) and empty vector NCI-H292 cell line (EV) were established as previously described (Wu et al., 2012 epithelial cells by using lentivirus-mediated human IRAK-M cDNA transduction. These cells were then seeded in transwells, and cultured at air-liquid interface (ALI) to induce cell mucociliary differentiation. After 12 days of ALI culture, cells with or without IRAK-M over-expression were treated at the apical surface with HRV-16 or PBS as described previously (Chen et al., 2006) to examine IRAK-M expression, viral RNA levels, and viral particles in apical supernatants. We confirmed over-expression of IRAK-M protein in human primary airway epithelial cells transduced with lentiviruses containing IRAK-M cDNA ( Fig. 2A ). In line with the NCI-H292 cell line data, IRAK-M over-expression in primary cells also increased HRV-16 RNA levels at both 4 and 24 h of infection (Fig. 2B ). However, a significant increase in viral particles was observed only in IRAK-M over-expressing primary cell supernatants at 4 h post viral infection (Fig. 2C ). This may be explained by the fact that primary cells need a longer (24 h versus 2 h for NCI-H292 cells) inoculation with HRV-16 to establish a successful viral infection.
Collectively, IRAK-M over-expression significantly enhanced HRV-16 replication in human lung epithelial cells.
IRAK-M over-expression enhances autophagy during HRV-16 infection
To determine the effect of IRAK-M on the autophagic pathway, LC3 I and LC3 II were evaluated in IRAK-M OE and EV NCI-H292 cells with or without HRV-16 infection for 4 h. As shown in Fig. 3 , HRV-16 infection markedly increased the ratio of LC3 II/ LC3 I protein (an indicator of autophagosome formation) in both IRAK-M OE and EV NCI-H292 cells. Notably, the LC3 II/LC3 I ratio at the baseline or following HRV-16 infection was significantly greater in IRAK-M OE NCI-H292 cells than that in EV NCI-H292 cells.
Inhibition of the autophagic pathway reduces HRV-16 replication
To explore whether the autophagic pathway is required for HRV-16 replication, we knocked down beclin 1 (a key initiator of autophagy biogenesis) by using target-specific RNA interference in IRAK-M OE and EV NCI-H292 cells. We then infected these cells with HRV-16 or PBS for 24 h to examine whether beclin 1 knockdown altered viral RNA levels and viral particles in cell supernatants. First, Western blot analysis confirmed the baseline beclin 1 protein reduction by beclin 1 siRNA in both IRAK-M OE and EV NCI-H292 cells ( 
IRAK-M over-expression inhibits HRV-16-induced IFN-β and IFN-λ1
As IRAK-M over-expression increases HRV replication, we examined whether IRAK-M serves as a negative regulator of type I and III interferon production in HRV16-infected cells. IRAK-M OE and EV NCI-H292 cells, or well-differentiated human primary airway epithelial cells with or without IRAK-M over-expression, were infected with HRV-16 or PBS for 4 and 24 h after which we examined IFN-β and IFN-λ1 mRNA levels. After 4 h of HRV-16 infection, IRAK-M OE versus EV NCI-H292 cells significantly decreased IFN-β (Fig. 5A ) and IFN-λ1 (Fig. 5B) , which was maintained through 24 h. Likewise, IRAK-M over-expression in well-differentiated human primary epithelial cells resulted in lower mRNA expression of IFN-β (50% reduction) and IFN-λ1 (54% reduction) at 24 h post HRV-16 infection. Taken together, our data suggest that increasing IRAK-M expression may promote HRV-16 infection by impairing production of type I and III interferons in the infected human lung epithelial cells.
Exogenous IFN-β and IFN-λ1 inhibit autophagy and HRV-16 replication
Having shown that IRAK-M over-expression increases autophagy and HRV-16 replication coupled with decreased production of anti-viral interferons, we next tested whether impaired IFN-β and IFN-λ1 expression in IRAK-M over-expressing cells is responsible for the increased autophagy and HRV replication. IRAK-M OE and EV NCI-H292 cells were infected with HRV-16 or PBS in the absence or presence of IFN-β or IFN-λ1 for 24 h. Exogenous IFN-β and IFN-λ1 significantly protected lung epithelial cells from HRV-16 infection by reducing the levels of viral RNA (Fig. 6A ) and the released infectious viral particles (Fig. 6B ) in IRAK-M OE and EV NCI-H292 cells, which is associated with decreased LC II/LC I ratio and thus formation of autophagosomes (Fig. 6C) .
Discussion
This is the first study to reveal the function of IRAK-M in HRV infection in human lung epithelial cells. We discovered that Despite overwhelming evidence linking HRV infections with exacerbations of asthma, the mechanisms of HRV-induced disease exacerbations are poorly understood. Impaired IFN-β and IFN-λ1 induction in HRV-infected asthmatic airway epithelial cells and alveolar macrophages may explain the increased viral infection during acute exacerbations (Baraldo et al., 2012; Contoli et al., 2006; Sykes et al., 2012; Wark et al., 2005) . However, the underlying impaired anti-viral mechanisms have not been well elucidated. Our previous work indicates that Th2 cytokine-induced airway epithelial IRAK-M up-regulation impairs host defense against bacterial infections (Wu et al., 2012) . Our findings in this study have advanced our understanding of IRAK-M function in viral infections. For the first time, we demonstrated that IRAK-M over-expression in lung epithelial cells increases HRV-16 replication, which may be explained by hindered host anti-viral defense -inhibition of HRV-16-induced IFN-β and IFN-λ1 expression. Therefore, IRAK-M may serve as a key mediator in promoting respiratory viral (e.g., HRV-16) infections in allergic lungs.
The autophagic pathway has been proposed as a novel mechanism against a variety of pathogens, but its role in viral infection may depend on specific viral strains and host cell types. In some studies, autophagy has been shown to facilitate sensing of intracellular viral elements by pattern-recognition receptors that trigger the secretion of anti-viral factors like type I interferon (Campbell and Spector, 2012; Lee et al., 2007) . However, increasing numbers of recent studies suggest that the autophagic machinery appears to block the production of type I interferon, thereby promoting replication of certain RNA viruses (e.g., vesicular stomatitis virus, herpesvirus and hepatitis C virus) (Jounai et al., 2007; Ke and Chen, 2011; Takeshita et al., 2008) . Our current study has revealed that HRV-16 exploits the autophagic pathway to facilitate its replication in the context of IRAK-M. First, beclin 1 knockdown significantly attenuated the pro-viral role of IRAK-M. Second, the ratio of LC3 II/ LC3 I protein (indication of autophagosome formation) at the baseline or following HRV-16 infection is significantly greater in IRAK-M over-expressing human lung epithelial cells. This increased LC3 II/I ratio may be due to increased conversion of LC3 I to LC3 II and/or decreased autophagosome fusion with lysosomes resulting in less LC3 II degradation. Thus, besides inducing autophagy, HRV-16 may impair the clearance of autophagosomes to promote their replication in IRAK-M over-expressing human lung epithelial cells. These potential mechanisms deserve future studies. Third, although we used the LC3 II/LC3 I ratio to monitor autophagic activity, we realize that LC3 may not fully indicate autophagic flux during HRV-16 infection. The adapter protein p62 binds to LC3 and ubiquitinated substrates to form a complex, which is incorporated into the autophagosomes and subsequently degraded in autolysosomes. Thus, decreased p62 is suggested to be more indicative of autophagy flux (activity) (Bjorkoy et al., 2005; Pankiv et al., 2007; Tung et al., 2010) . In a preliminary study, we examined p62 expression in IRAK-M OE and EV NCI-H292 cells with or without HRV-16 infection for 4 h. We found that p62 protein levels at the baseline or following HRV-16 were lower in NCI-H292 IRAK-M OE cells than those in EV cells (data not shown). Intriguingly, HRV-16 infection reduced p62 level in EV cells, but not in IRAK-M OE cells. We speculate that while LC3 levels may change quickly, clearance of autophagy substrates may take a longer time, especially when autophagy levels were significantly higher in IRAK-M-overexpressing cells. We will test this hypothesis in our future study to improve our understating about the role of IRAK-M in regulating autophagy flux.
The interplay between autophagy and anti-viral interferons during viral infections is still unclear. IFN-γ is reported to induce autophagy in THP-1 cells and T cells (Dutta et al., 2012; Fabri et al., 2011) . Although autophagy is involved in production of type I interferon (e.g., IFN-α) in response to RNA viruses (e.g., hepatitis C virus and HIV-1) (Henault et al., 2012; Zhou et al., 2012) , the role of type I and III interferons in regulating autophagy remains unknown. Our findings clearly reveal that type I and III interferons inhibit HRV-16-induced autophagy in the context of IRAK-M in human lung epithelial cells. Therefore, targeting autophagic pathways or administrating type I and III interferons in IRAK-M overexpressing allergic airways may provide an effective therapy to reduce autophagy and subsequent HRV-16 replication.
As our data are derived using an in vitro cell culture model, important influences on viral infection and autophagy may be absent, including local and circulating factors and the influence of cells beneath the basement membrane. Future studies will need to consider in vivo animal models to further dissect the interplays of the components in the IRAK-M/autophagy/interferon axis. For example, the use IRAK-M and beclin 1 deficient mice may be helpful to reveal the in vivo functions of these two molecules during HRV infection in the context of allergic inflammation or Th2 cytokine exposure. Moreover, the molecular mechanisms by which type I and III interferons regulate the autophagic pathway warrant further study. In summary, our findings indicate that IRAK-M promotes lung HRV-16 infection, which is in part through the autophagic pathway. Impaired anti-viral interferon production may serve as a direct or an indirect (e.g., autophagy) mechanism to enhance HRV-16 infection in IRAK-M over-expressing cells. A better understanding of the autophagic pathway in HRV infection may lead to novel interventions to attenuate viral (i.e., HRV-16) infections during acute exacerbations of asthma and other chronic lung diseases.
Materials and methods
Preparation of HRV-16
HRV-16 (American Type Culture Collection, Manassas, VA) were propagated in H1-Hela cells (CRL-1958, ATCC), and purified as described previously (Hao et al., 2012) . Viral stocks were titrated by infecting H1-HeLa monolayers with serially diluted HRV-16 to assess cytopathic effect, and expressed by 50% tissue culture infective doses per ml (TCID 50 /ml) (Newcomb et al., 2008) .
HRV-16 infection in a human lung epithelial cell line stably over-expressing human IRAK-M
The IRAK-M over-expressing (OE) human lung epithelial cell line or control (empty vector, EV) cell line was established as previously described (Wu et al., 2012) . In brief, human IRAK-M cDNA was obtained from Open Biosystems (Huntsville, Ala), and cloned into a mammalian expression plasmid by PCR amplification. Human lung mucoepidermoid carcinoma derived NCI-H292 cells (clone CRL-1848, ATCC) were transfected with the IRAK-M expression vector or an empty vector (control), and selected by G418 (800 mg/ml, Invitrogen Life Technologies Inc., Carlsbad, CA) in RPMI1640 with 10% FBS to generate the stable cell lines. The cells were then maintained in the presence of G418 (400 mg/ml) until experiments.
To We found that HRV-16 levels in IRAK-M OE versus EV NCI-H292 cells were increased at 4 h, and maintained at 24 h, but not at 48 h.
To test the effects of exogenous anti-viral interferon on HRV-16 replication and the autophagic pathway, cells were treated with recombinant human IFN-β (3 ng/ml) and IFN-λ1 (10 ng/ml) for 2 h prior to HRV-16 infection at 10 4 TCID 50 /well or PBS. After 24 h, samples were processed to examine viral RNA levels by quantitative RT-PCR, released viral particles in cell supernatants by plaque assay, and the auophagic pathway (LC3 I and LC3 II expression) by Western blot. IFN-β and IFN-λ1 concentrations were chosen based on previous publications in human lung epithelial cell cultures (Spurrell et al., 2005; Suh et al., 2007; Yoshikawa et al., 2010) and our preliminary IFN dose (1, 3, and 10 ng/ml) and time course (4 and 24 h) optimization experiments in which 3 ng/ml of IFN-β and 10 ng/ml of IFN-λ1 demonstrated the maximal inhibitory effect on HRV-16 replication at 24 h.
IRAK-M over-expression in normal human primary airway epithelial cells
Lentivirus-mediated IRAK-M over-expression was performed in normal human primary airway epithelial cells by modifying previously described method (White et al., 2009) . In brief, human IRAK-M full-length cDNA was cloned into a lentiviral vector pLentilox (pLL) 3.7 by removing the GFP gene to generate pLL3.7-IRAK-M vector. The pLL3.7 vector expressing GFP (pLL3.7-GFP) was used as control. pLL3.7-GFP or pLL3.7-IRAK-M (4 mg) was co-transfected with psPAX2 (4 mg) and envelope protein vector pHCMV-G (4 mg) into 293FT packaging cells using the Effectene ™ Transfection Reagent (Qiagen, Valencia, CA). Forty-eight hours after transfection, cell supernatants containing virus were harvested by centrifugation at 500 g for 5 min to remove cell debris and then used for infecting epithelial cells.
Normal human tracheobronchial epithelial cells were obtained from the tracheas and bronchi of de-identified organ donors whose lungs are not suitable for transplantation as previously described (Wu et al., 2012) . Epithelial cells at passage 1 were cultured in collagen-coated 60 mm tissue culture dishes containing bronchial epithelial cell growth medium (BEGM) with supplements (Lonza, Walkersville, MD) at 37 1C, 5% CO 2 until 80% confluence. Epithelial cells were then passed into 6-well culture plates at 1 Â 10 5 cells/well and transduced with lentiviruses containing pLL3.7-GFP (GFP) or pLL3.7-IRAK-M (IRAK-M OE) by centrifugation of 2000 rpm at room temperature (25 1C) for 1 h. Ninety-six hours after the transduction, cells were transferred onto collagen-coated 12-well transwell plates at 4 Â 10 4 cells/well (Corning Inc., Corning, NY) in DMEM/BEBM (1:1) with supplements (Lonza, Walkersville, MD). Cells were cultured in an immersed condition for 10 days when cells reached 100% confluence and were shifted to air-liquid interface (ALI) culture by reducing the apical surface medium volume to 50 ml. After 12 days of ALI culture, cells were well differentiated and incubated at the apical surface with 100 ml of PBS (control) or HRV-16 at 10 4 TCID 50 / well for 24 h to establish a successful viral infection (Chen et al., 2006) as well-differentiated epithelial cells are difficult to be infected due to tight junctions and a mucus layer over the apical surface. Cells were washed three times to remove unattached viruses and then cultured for additional 4 and 24 h. Samples were processed to examine IRAK-M expression by Western blot, viral RNA levels by quantitative RT-PCR, and viral particles in cell supernatants by plaque assay.
Beclin 1 gene knockdown in a human lung epithelial cell line stably over-expressing human IRAK-M To examine if the autophagic pathway promotes HRV replication, we knocked down beclin 1 in IRAK-M over-expressing (OE) or control (EV) NCI-H292 cells. Briefly, cells were seeded at 2.5 Â 10 5 / well in 12-well cell culture plates and transfected with beclin 1 siRNA or control siRNA using siRNA transfection medium and siRNA transfection reagent (Santa Cruz Biotechnology Inc., Santa Cruz, CA) according to manufacturer's instructions. Forty-eight hours after the transfection, cells were infected with HRV-16 at 10 4 TCID 50 /well or PBS for 24 h. Samples were processed to examine beclin 1 knockdown by Western blot, viral RNA levels by quantitative RT-PCR, and released viral particles in cell supernatants by plaque assay.
Viral plaque assay
Viral titer in cell culture supernatants was determined by plaque assay as previously described with modifications (Fiala, 1968; Halfpap and Cooney, 1983) . Briefly, H1-HeLa cell monolayers in six-well plates were inoculated with 0.5 ml of serially diluted cell culture supernatants for 2 h at 37 1C, 5% CO 2 . After removing the inoculum, cells were overlaid with 3 ml of minimum essential medium (Gibco s , Life Technologies, Grand Island, NY) containing 4% FBS, 1% Penicillin-streptomycin, 0.5% non-essential amino acid (NEAA) (HyClone, Thermo Scientific, Logan, UT), 60 mg/ml DEAEDextran hydrochloride (Sigma-Aldrich, St. Louis, MO), 30 mM MgCl 2 and 0.5% SeaKem s LE Agarose (Lonza). After incubating for 3 days at 37 1C, 5% CO 2 , monolayers of cells were stained with thiazolyl blue tetrazolium bromide (MTT, Sigma-Aldrich) to count the plaques.
Western blot analysis
Equal amounts of protein samples were separated on 7.5% (for IRAK-M) or 15% (for LC3) SDS-PAGE, transferred onto nitrocellulose membranes, and probed with rabbit anti-human IRAK-M (Millipore, Billerica, MA), rabbit anti-LC3 (Sigma-Aldrich), or mouse anti-GAPDH (Santa Cruz Biotechnology Inc.). Blots were then incubated with appropriate HRP-linked secondary antibodies and Pierce s ECL Western blotting substrate. Densitometry was performed using the NIH Image-J software. The ratios of LC3 II/LC3 I protein were used to indicate the formation of autophagosomes.
Quantitative real-time RT-PCR
Taqman quantitative real-time RT-PCR was used to detect HRV RNA (Mosser et al., 2005) and human IFN-β and IFN-λ1 mRNA (Wang et al., 2009 ) as previously described. The specific primers and probes are: HRV (forward: 5′-CCT CCG GCC CCT GAA T-3′; reverse: 5′-GGT CCC ATC CCG CAA TT-3′, probe: 5′-CTA ACC TTA AAC CTG CAG CCA-3′), IFN-β (forward: 5′-CTT ACA GGT TAC CTC CGA AAC TGA A-3′; reverse: 5′-TTG AAG AAT GCT TGA AGC AAT TGT-3′, probe: 5′-ATC TCC TAG CCT GTG CCT CTG GGA CTG-3′); IFN-λ1 (forward: 5′-GGG AAC CTG TGT CTG AGA ACG T-3′; reverse: 5′-GAG TAG GGC TCA GCG CAT AAA TA-3′; probe: 5′-CTG AGT CCA CCT GAC ACC CCA CAC C-3′). Housekeeping gene GAPDH was evaluated as an internal positive control. The comparative cycle of threshold (ΔΔCt) method was used to demonstrate the relative levels of target genes.
Statistical analysis
Data are presented as means 7SEM. One-way analysis of variance (ANOVA) was used for multiple comparisons, and a Tukey's post hoc test was applied where appropriate. Student's t test was used when only two groups were compared. A p value o 0.05 was considered significant.
